Accurate determination of the amount of a given RNA within a cell is necessary to gain a full understanding of the RNA's function and regulation. Typically, the abundance of RNA is measured by quantitative polymerase chain reaction (qPCR). With qPCR, however, absolute quantification is not possible unless an adequate reference standard curve is generated. The method is not well suited for detecting low copy number templates and values vary depending on the specific primers used. To overcome these drawbacks, digital PCR (dPCR) has been developed to obtain exact values for RNA copies in a sample. Here we report the characterization of droplet digital PCR (ddPCR). We used ddPCR to quantify long noncoding RNAs from various subcellular compartments within human cells and found that results obtained using ddPCR parallel those from qPCR. Mutant huntingtin (HTT) protein is the cause of Huntington's Disease, and we show that we can quantify human HTT messenger RNA and discriminate between the mutant and wild-type HTT alleles using ddPCR. These results reveal insights into the design of experiments using ddPCR and show that ddPCR can be a robust tool for identifying the number of RNA species inside of cells.
Introduction
A ccurate RNA measurement is one of the foundations of modern experimental biology and an essential part of any serious effort to develop nucleic acid therapeutics. Typically, RNA measurements may involve initial characterization of a transcript by northern analysis or polymerase chain reaction. Quantitative PCR (qPCR) is often used to gain a quantitative understanding of how a transcript's levels vary with respect to a given treatment. Missing in almost all of these analyses, however, is a recognition of the actual number of transcripts that exist in a sample. This variable, while critical for obtaining a complete understanding of RNA function and susceptibility to designed antagonists, is almost universally ignored.
Quantitative PCR, which relies on an increase in fluorescence signal that is proportional to the polymerase reaction product, or amplicon produced, uses the cycle threshold (C T ) as a metric. This value is defined as the number of thermal cycles required for the fluorescence signal to rise above background noise but is often taken to be the point at which amplification enters log phase. It is therefore a rate-based measurement and a powerful guide to relative concentration.
Typically, C T values for specific genes are referenced to well-known housekeeping genes, such as glyceraldehyde-3phosphate dehydrogenase (GAPDH) or ribosomal protein L30 (RPL30), across samples and used for normalization. This can become problematic as expression levels of housekeeping genes and their transcripts vary between cell populations, cellular compartments, and tissue types and samples (Warren et al., 2006; vide infra) . These problems can be partially avoided through the use of an exogenous ''spike-in'' control. This method, however, does not account for any template-specific effect or bias introduced through primer design. Minute variations in technique, like pipetting, can also introduce significant errors in quantitation from spike-in controls. To estimate the absolute number of a given RNA species, data must be compared to a previously generated standard curve of the same template with identical primers and conditions. While straightforward in theory, the additional manipulations are cumbersome and extreme care must be taken when measuring the reference sample and comparing the reference and experimental standard curves.
Digital PCR (dPCR) methods aim to provide a more direct measurement of RNA copy number. The earliest dPCR strategies involved dilution of template to isolate individual molecules in a single reaction, followed by PCR detection (Kalinina et al., 1997; Vogelstein and Kinzler, 1999) . Subsequent methods have refined dPCR by (1) increasing the number of reactions to enable more powerful statistical analysis; (2) minimizing reaction volume to reach a saturating concentration of PCR product with fewer starting templates while reducing the amount of sample necessary to obtain robust results; and (3) improving hardware and software for automation and detection to increase throughput and decrease cost.
Several dPCR methods that rely on similar principles are currently available. A bulk sample, containing the sequence(s) of interest, is partitioned into a distinct environment so that no further mixing may occur. Partitioning is calibrated so that almost all partitions contain zero or one template molecule. These partitioned solutions are then subjected to standard thermal cycling and PCR conditions. Any partition containing at least one template will act as a mini-reaction vessel for amplification that results in an observable signal (Fig. 1) . The ratio of positive to negative reactions can then be interpreted as an absolute copy/well number using statistical methods.
Two basic categories of instruments are available. The first-and most well established-category uses microfluidic wells to separate individual reactions. Platforms such as the BioMark HD system from Fluidigm and Applied Biosystem's OpenArray rely on microfluidic dynamic arrays with chargecoupled device camera detection of fluorescence readout. The number of partitions available for statistical analysis limits these systems. Balanced against this limitation, each individual well may be monitored as an independent qPCR reaction (and thus provide a C T value) and end point melt analyses can be performed. These platforms are often applied as a highthroughput qPCR technology rather than for absolute quantitation of RNA. MicroRNA expression analysis (Petriv et al., 2010) , single cell gene expression analysis (Citri et al., 2011) , and targeted resequencing (Grossmann et al., 2011) are examples of these instruments being used as a high-throughput qPCR system.
The second category operates by emulsion PCR, which partitions a bulk sample into thousands of uniform, small volume aqueous droplets in oil. In these systems, the same principle of end point PCR and application of Poisson statistics to the ratio of positive to negative droplets may be applied. Examples include the Bio-Rad QX100 droplet digital PCR (ddPCR) system (Hindson et al., 2011; Pinheiro et al., 2011) or RainDance Technologies' RainStorm system (Kiss et al., 2008) . The benefit of this approach is that the number of partitions can be increased from hundreds to many thou-sands. This yields more accurate quantitation and facilitates quantitation of low abundance nucleic acids. Emulsion PCR has been used to detect viruses (Henrich et al., 2012; Hayden et al., 2013) , determine the expression of rare disease-related transcripts in tissue samples (Heredia et al., 2013) , and determine genetic copy number variation among populations (Hindson et al., 2011) . One drawback to this technique is that individual droplets are not monitored during amplification and only the endpoint is detected therefore an accompanying C T value may not be extracted from the data.
In this report we explore the application of droplet digital PCR using a Bio-Rad QX100 Droplet Digital PCR (ddPCR) system. Approximately 20,000 droplets per reaction are generated and each reaction is transferred to an individual well on a standard 96-well plate. After thermocycling, droplets containing a template will register a fluorescence signal upon amplification whereas a droplet lacking template will not. Each well containing 20,000 droplets is then ''read'' by passing the droplets through a fluorescence detector. The ratio of positive to negative signals effectively counts the RNA molecules in the starting sample. We provide insights into how to set up ddPCR experiments and develop several applications relevant to the design and evaluation of nucleic acid therapeutics.
Materials and Methods

Tissue culture
All reagents were obtained from Sigma unless otherwise noted. All culture media were supplemented with 10% (v/v) fetal bovine solution. HeLa cells (American Type Culture Collection) were maintained in RPMI-1640, A549 cells were maintained in F12-K media (ATCC). Huntington's disease patient-derived fibroblast cell line GM04281 (69 CAG repeats) and GM04795 wild-type fibroblasts were obtained from the Coriell Institute and maintained in Eagle's minimum essential medium.
Cellular fractionation and RNA isolation
Cells were scraped from plates with Dulbecco's phosphate buffered saline or detached using 1 · trypsin ethylenediaminetetraacetic acid solution and pelleted at 500 g for 5 minutes at 4°C. Cells were counted using either a Beckman Coulter Z1 particle counter or a hemocytometer. Cells were divided into aliquots containing 5 million cells and processed as follows. The cytoplasmic membrane was lysed by the addition of hypotonic lysis buffer [10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.35% Triton X-100 containing RNasein RNase inhibitor (1.25 mL/mL)], complete protease inhibitor (Roche; 20 mL per mL) and dithiothreitol (1 mL/mL of 1 M stock). Resuspended cells were incubated on ice for 10 minutes then centrifuged at 800 g for 5 minutes, 4°C. The supernatant was then decanted and used as cytoplasmic fraction. Crude nuclei were washed 4 more times with hypotonic lysis buffer, centrifuging at 500 g for 5 minutes and washed once more centrifuging at 200 g for 5 minutes. For total nuclear fractions, the pure nuclei were dissolved in 1 mL TRI Reagent. For nucleoplasmic and chromatin fractions, nuclei were lysed in chromatin isolation buffer (0.3 M NaCl, 1 M urea, 1% NP-40) on ice with occasional mixing for 20 minutes and then centrifuged at 400 g. The supernatant was set aside as the FIG. 1. Diagram displaying the principle of digital polymerase chain reaction (PCR). A bulk PCR reaction is partitioned into small volume aliquots that may or may not lack template. After thermal cycling, aliquots that contained at least 1 template molecule will show a positive signal. The ratio of positive to negative reactions is then analyzed using Poisson statistics to predict the absolute copy number in the original bulk sample.
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nucleoplasmic fraction and the precipitated chromatin was further washed 2 more times with chromatin isolation buffer. Cytoplasmic and nucleoplasmic fractions were precipitated with 70% ethanol and 0.3 M sodium acetate then dissolved in 1 mL TRI reagent. The chromatin fraction was dissolved in 1 mL TRI reagent. To all samples dissolved in 1 mL of TRI reagent, 200 mL of chloroform was added. After vigorous vortexing and centrifugation, RNA was precipitated from the aqueous layer with 1 volume of isopropanol (500 mL). Isolated RNA was treated with 2U of DNase 1 (Worthington) in a total volume of 50 mL at 37°C for 30 minutes followed by heat inactivation at 80°C for 5 minutes.
Complementary DNA preparation, ddPCR, and qPCR
Total RNA from cell extracts was reverse transcribed in the same manner for qPCR and ddPCR experiments. Complementary DNA (cDNA) preparation was carried out using Applied Biosystems' high capacity reverse transcriptase kit with 5 mL of DNase-treated RNA (corresponding to RNA derived from 0.5 million cells) in a 20 mL reaction and subsequently diluted to 200 mL. Given the aforementioned dilutions, cDNA concentration was calculated to be at 2,500 cell equivalents of template per mL. The PCR reaction solution was reconstituted to a final volume of 20 mL using 1-5 mL of template and ddPCR Supermix (BioRad). Unless otherwise noted primer and probe concentrations were 0.5 mM and 0.025 mM respectively. Droplet formation was carried out using a QX100 droplet generator. To the bottom 8 wells of the droplet generation cartridge are added 70 mL of ddPCR droplet generation oil. The middle wells are loaded with 20 mL of reaction. A rubber gasket is placed over the cartridge and loaded into the droplet generator. Drawing the 2 liquids through microfluidic channels, an emulsion is created in the top well of the cartridge. The emulsion (*40 mL in volume) is then slowly transferred using a multichannel pipette (great care must be taken to avoid droplet shearing) to a twin.tec semi-skirted 96well plate (Eppendorf). The plate is then heat-sealed with foil and the emulsion was cycled to end point per the manufacturer's protocol. The samples were then read using a BioRad QX100 reader. Data from the droplet reader are given as copies per mL and were converted to copies per cell based on the known cell equivalents of input cDNA. Quanititative PCR was carried out on a BioRad CFX96 thermocycler in 20 mL reactions with 1-5 mL cDNA using iTaq supermix (BioRad). For qPCR and ddPCR, all primers were designed and synthesized as PrimeTime Assays by Integrated DNA Technologies. Hydrolysis probes contained a 5¢-FAM fluorophore with an internal ZEN and a 3¢-Iowa black quencher. Primers and probes for detection of GAPDH were designed and synthesized by Applied Biosystems. Primers and probes were designed to amplify and detect all known transcript isoforms. Primers and probes for the genes studied are indicated below. All sequences are given 5¢/3¢ (F, forward primer; R, reverse primer; P, probe):
COX-2 lncRNA (cyclooxygenase 2 long noncoding RNA): F, GCTCACTGCAAGTCGTATGA; R, CACATGGGCTTGG TTTTCAG; P, CAATTGGTCGCTAACCGAGAGAACCTT.
MALAT1 (metastasis associated lung adenocarcinoma transcript 1): F, ACCATCGTTACCTTGAAACCG; R, GATCTAGCACAGACCCTTCAC; P, CTCACCTCGATGCA GCCAGTAGC. NEAT1 (nuclear enriched abundant transcript 1): F, TCTCTTCCTCCACCATTACCA; R, CCTCCCTTTAACTTAT CCATTCAC; P, AACAATACCGACTCCAACAGCCACT.
U14 (small nucleoler RNA U14; SNORD14A): F, CA CTGTGATGATGGTTTTCCAAC; R, AGGAAGGTTTACCC AACACTAAG; P, CGCAGTTTCCACCAGAAAGGTTTTCC.
HOTAIR (HOX antisense intergenic RNA): F, GCTTC TAAATCCGTTCCATTCC; R, GAGTTCCACAGACCAACA CC; P, TCAATCAGAAAGGTCCTGCTCCGC.
RPL30: F, CACCAGTTTTAGCCAACATAGC; R, GATCA GACAAGGCAAAGCGA; P, CAACTGCCCAGCTTTGAGG AAATCT.
dPCR evaluation of huntingtin alleles
Huntington's disease patient-derived fibroblast cell line GM04281 (69 CAG repeats) and GM04795 wild-type fibroblasts were detached from plates using 1 · trypsin, and counted with a hemocytometer. Forty thousand cells were then taken up in 1 mL Trizol, and RNA isolation and cDNA preparation were carried out as for previous examples. Primers for the quantification of HTT messenger RNA (mRNA) were overlapping the CAG repeat region with the probe immediately at the 3¢ end of the repeat: F, ATGGCGACCCTGG AAAAG; R, GGCTGAGGAAGCTGAGGAG; P, TTCGAGT CCCTCAAGTCCTTCC. Standard primer and probe concentrations were used for the quantification of HTT mRNA (0.5 mM and 0.025 mM respectively). High primer and probe concentrations (1.6 mM and 0.5 mM respectively) were used to obtain allelic discrimination of huntingtin mRNA.
Results and Discussion
Quantitative PCR versus ddPCR for the absolute quantification of long noncoding RNA Two percent of the human genome is encoded by mature mRNA and 30 % by pre-mRNA (Lander et al., 2001; Venter et al., 2001) . Analysis has revealed, however, that > 80% of the genome is transcribed (ENCODE Project Consortium, 2012). Most of these transcripts have no obvious potential to code for proteins and those with lengths greater than 200 nucleotides are termed long noncoding RNAs (lncRNAs). Some of these lncRNAs are intergenic while others overlap the coding regions of known mRNA.
While the function of some lncRNAs, such as HOTAIR or XIST, has been described (Brown et al. 2001; Rinn et al. 2007) function has not been assigned to the vast majority. Accurate quantitation of lncRNA abundance might suggest function and discriminate between lncRNAs that have a biological role and those that may be biological noise due to trace action of RNA polymerase. Accurate quantitation would also help separate lncRNAs that affect gene expression in cis relative to chromosomal DNA (likely requiring one or a few RNAs) relative to those that act in trans (likely to require hundreds or thousands).Accurate quantitation of a transcript relies on a proper distribution of positive (cDNA from the target RNA present) to negative (no cDNA) droplets. If a cDNA is present, TaqMan PCR will yield a fluorescent signal. Should the concentration of target cDNA be too low or too high, statistical analysis becomes less reliable. For example, concentrations that are too low will yield few positive droplets, while concentrations that are too high will yield many 190 DODD, GAGNON, AND COREY droplets with 2 or more templates, obscuring the potential for digital identification. In testing the dynamic range of ddPCR, we found that the instrument would give useful information from between *10 and *10,000 copies per mL of reaction mixture. This corresponds to C T values in the range of approximately 18-28. Droplet digital PCR, therefore, is effective over a concentration range similar to that characterizing qPCR. For determining transcript numbers by qPCR, developing a standard curve requires serial dilutions that require multiple pipetting steps that can lead to introduction of experimental error. Droplet digital PCR does not require serial dilution steps, reducing one source of error.
Using a log plot of C T values against absolute quantification by ddPCR involving 8 separate genes and primer sets, a general estimate of copy number can be obtained from a C T value determined by traditional qPCR ( Fig. 2A) . Optimal precision is found when the sample lies at the center of this plotted range (C T *23). We used these data to develop a guide for how to adjust the concentration of samples that were previously analyzed by qPCR to obtain the best possible results from ddPCR (Fig. 2B) .
Detection of cyclooxygenase-2 lncRNA
We have observed that a lncRNA overlapping the cyclooxygenase 2 (COX-2) transcription start site and COX-2 promoter is a target for an endogenous micro RNA and multiple synthetic RNAs that cause activation of COX-2 gene transcription (Matsui et al., submitted) . This COX-2 lncRNA is expressed 50-fold less than COX-2 mRNA and has been determined to be distinct from the COX-2 mRNA by 5¢-rapid amplification of cDNA ends experiments and can be detected by traditional PCR using a forward primer complementary to a site 81 base pairs upstream of the mRNA transcription start site (Matsui et al., submitted) . Because of the clear role for this lncRNA in controlling COX-2 expression, and the therapeutic relevance of the gene with regards to inflammatory response, we used ddPCR to characterize its expression levels.
The first step was to obtain an accurate count of the number of cells. We compared 2 methods, automated cell counting, and manual measurement using a hemocytometer. We found that the manual measurement was superior because automated cell counting, while faster and more convenient, does not distinguish well between single cells and clumps. Clumping may not be an issue for some cell lines, but it was a feature of the A549 lung cancer cells used in our study.
After counting cells, we obtained cell extracts. Because we were interested in the amount of lncRNA throughout the cell, we obtained extracts from cytoplasm and nuclei. We further purified nuclei to obtain nucleoplasmic (soluble nuclear) RNA and RNA associated with chromatin. These 3 samples were analyzed by both ddPCR and qPCR. For qPCR, we calculated a standard curve to enable calculation of transcript number. While the generation of a single standard curve is not prohibitively laborious, if one were to study several transcripts the process would rapidly become so. One of the advantages of ddPCR is that up to 96 genes can be analyzed per plate for absolute quantification.
Droplet digital PCR and qPCR produced similar results (Fig. 3) . The lncRNA is detected at between 1 and 2 copies per cell, can be associated with chromatin, and is evenly distributed between cytoplasm and nuclei. Relevant to COX-2 regulation, the low copy number of the promoter lncRNA favors action in cis immediately after synthesis rather than a mechanism in which the lncRNA would leave the chromosome and then diffuse back or affect some other target. For digital determination of RNA levels, these data confirm that (1) ddPCR can detect rare transcripts, and (2) ddPCR performs as well as qPCR but does not require calculation of a standard curve.
Detection of MALAT1, HOTAIR, and NEAT1 lncRNAs and U14 snoRNA
After validating the ddPCR platform in comparison to qPCR for COX-2 lncRNA, we used ddPCR to evaluate the quantities of abundant lncRNAs MALAT1, HOTAIR, and NEAT1, and the snoRNA U14 (SNORD14A) in different compartments within HeLa cells (Fig. 4) . The lncRNAs were chosen because of their potential for therapeutic significance.
FIG. 2. Comparison of droplet digital PCR (ddPCR) and quantitive PCR (qPCR). (A)
Correlation of log base 10 copy number obtained from ddPCR with C T value obtained from qPCR. Greater variation at the lower and upper end of concentrations tested can be seen. (B) A guide for using qPCR data to choose an appropriate volume for ddPCR. For example, a sample with a C T value of 18 should be diluted 32-fold for best results. A sample with a C T value of 28 should be increased in concentration 32-fold.
FIG. 3. Quantification of cyclooxygenase 2 long noncoding RNA (COX-2 lncRNA) by qPCR and ddPCR showing good agreement in total copy number per cell and distribution across compartments. Experiments were performed in triplicate. Error is given asstandard deviation from the mean.
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MALAT1 has been implicated in lung and colon cancers while HOTAIR has been shown to promote the metastasis of breast and hepatocellular tumors (for review see Prensner and Chinnaiyan, 2011) . All 4 noncoding RNAs were much more abundant than the COX-2 promoter lncRNA, suggesting a different mechanism of action. MALAT1, NEAT1, and U14 were present at *3000 copies per cell, while HOTAIR was present at *100 copies per cell. Compared with COX-2 lncRNA, action in trans seems much more feasible for these lncRNA transcripts.
We expected these transcripts to reside primarily in the nucleus, as the 3 lncRNAs have known nuclear functions and snoRNAs, such as U14, are involved in the biogenesis of ribosomes in the nucleolus (Terns and Dahlberg, 1994) . We found that all four RNAs were present in both the nucleus and the cytoplasm and could be found associated with chromatin. MALAT1, NEAT1, and U14 were primarily in the chromatin fraction, while most HOTAIR transcripts were cytoplasmic (Fig 4.) .
By contrast, the protein-encoding genes GAPDH and RPL30 were present at 3,500 and 10,000 copies per cell respectively, and were primarily distributed to the cytoplasm (Fig. 5) . These data suggest that care should be taken when choosing a gene for normalization. Our qPCR-derived C T values show no single gene was evenly distributed across all cellular compartments. Unless a gene of this nature can be found, normalization of C T values across cellular compartments is not possible without the use of a spike-in control. Droplet digital PCR avoids this complication by directly giving a count of the number of RNA copies.
Quantitation of HTT mRNA
We also examined applications of ddPCR for quantifying specific mutant alleles of huntingtin (HTT) mRNA. Hun-tington's Disease (HD) is an incurable neurological disorder caused by an expanded CAG trinucleotide repeat in one allele of the HTT gene (MacDonald et al., 1993) . Many neurological disorders, including Alzheimer's disease, Parkinson's disease, and depression are usually caused by a combination of multiple genetic influences and environmental causes. Because HD is caused by a single genetic defect, reducing mutant HTT expression has become a major target for gene-specific therapeutics (Matsui and Corey, 2012) .
One strategy for treating HD is to develop agents that reduce the expression of mutant HTT mRNA that contains the expanded CAG repeat tract. Evaluating the copy number of HTT mRNA transcripts per cell would directly benefit drug development by providing a basis for estimating how many molecules will be needed to achieve inhibition. Indirectly, knowledge of HTT mRNA copy number may also facilitate the design of studies aimed at probing mRNA structure inside of cells or cell extracts. HTT is a large protein and detailed insights into the structure of its mRNA may require full-length message rather than small model RNAs. We applied ddPCR to evaluate HTT mRNA in homozygous wild-type human fibroblast cells and heterozygous patient derived cells. We detected *400 copies per cell for wild-type fibroblasts and *250 copies of HTT mRNA/cell in heterozygous fibroblasts containing an expanded repeat region.
We reasoned that it might be possible to determine the ratio of mutant to normal mRNA transcripts by exploiting the difference in repeat length of the alleles. Droplet digital PCR uses a TaqMan probe containing a 5¢-FAM fluorophore and a 3¢ quencher. As the polymerase reads the cDNA, when it reaches the hybridized probe, the 5¢-FAM fluorophore is released. With both the wild-type and mutant alleles, there is just 1 probe binding event and the probe is complementary to the region immediately adjacent to the 3¢ FIG. 4. Quantification and subcellular distribution of metastasis associated lung adenocarcinoma transcript 1 (MALAT-1), nuclear enriched abundant transcript 1 (NEAT-1), HOX antisense intergenic RNA (HOTAIR), and small nucleolar RNA U14 (snoRNA U14). Experiments were performed in triplicate. Error is given asstandard deviation from the mean.
FIG. 5.
Quantification and subcellular distribution of housekeeping genes commonly used as controls for qPCR experiments. Experiments were performed in triplicate. Error is given asstandard deviation from the mean.
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DODD, GAGNON, AND COREY end of the repeat. An excess of primer and probe in the reaction ensures that an end point would be reached when all dNTPs are consumed. Under such conditions, the wild-type transcript (shorter repeat-consuming fewer nucleotides per cycle) could potentially go through more rounds of replication and hydrolyze more FAM probe than the mutant transcript (longer repeat-consuming more nucleotides per cycle). Greater hydrolysis would result in increased fluorescence for reactions containing the wild-type HTT allele, as more rounds of replication are possible with the limited pool of dNTPs.
With primer sets at three times the typical concentration to ensure that primer concentration was not rate limiting we were able to see some separation of positive droplets into two populations (Fig. 6 ). Negative droplets (containing no template) can be seen at the far left of the histogram while positive droplets (containing mutant, wild-type, or both alleles) to the right of the histogram appear to display a bimodal distribution. We consistently observed a droplet ratio of *3:1 for what we posit to be mutant allele (lower fluorescence) to normal allele (higher fluorescence) HTT mRNA. Although these data are preliminary, this finding is consistent with reports that mutant Huntington transcript may accumulate in cells and thereby assert a toxic effect through the sequestration of RNA binding proteins (de Mezer et al., 2011) .
Discussion
A full appreciation for how RNAs function inside of cells and how they can be most efficiently targeted by therapeutics requires an accurate determination of how many RNA molecules are present and where they are functioning in the cell. Such accurate numerical determinations, however, are rare. Quantitative PCR methods are indirect, only providing an estimate of transcript number, and require standard curves for each sequence of interest. In addition, differences in primer efficiency can still arise in the presence of a complex pool of nucleic acids, such as is found in a biologically relevant sample. Cognate or partially cognate sequences likely compete for binding, and native secondary structures may be present that are not in the template used for standard curve generation. As C T values are a ratebased measurement, these differences may lead to false conclusions.
When considering whether to use ddPCR, the major question facing any experimentalist is whether the benefits outweigh the cost of spending resources becoming familiar with a new technology and obtaining an instrument capable of quantifying single molecules. Droplet digital PCR has several benefits that suggest it as a valuable option for some experiments. Droplet digital PCR does not require a standard curve. While the development of standard curves is not particularly laborious, generation of multiple standard curves can be time consuming, and the need for serial dilutions requires unusual care when pipetting samples. A key advantage of ddPCR is its convenience for multiple samples. We were able to quantify multiple RNA species without the time consuming generation of multiple standard curves.
Also, when calculating a standard curve for qPCR, a synthetic template is used. Because it is not the natural template, alternate secondary structures might affect amplification. Even if qPCR is selected as a routine method, use of ddPCR to confirm results may be well advised for critical applications, and ddPCR may be helpful even if throughput does not need to be high. Taken together, ddPCR is a good option for the robust quantitation of multiple RNA samples. This may be especially true in a clinical setting where an absolute determination of RNA using a robust protocol is desired.
There are many applications for precise and accurate quantitation of RNA. An RNA species present in 1 copy per 100 cells might be more likely to be considered transcriptional noise or an artifact. A transcript present in 2 copies per cell and associated with chromatin might act in cis, while one present in a thousand copies per cell might suggest action in trans. An appreciation of numbers directly generates functional hypotheses. For important disease targets like HTT mRNA, knowing the number of transcripts aids studies of disease mechanism, mRNA structural analyses, and design and testing of therapeutics.
Obtaining reliable quantitative estimates will likely never be as easy as existing qualitative or semiquantitative methods for RNA measurement but should nevertheless be adopted as a more widely used tool for understanding and studying RNA.
